Objectives-Correct positioning of the acetabular component is a key factor in minimizing the risk of dislocation after total hip replacement (THR) surgery. A "safe" orientation of the cup is usually defined by 2 angles measured between its geometric axis and the anterior pelvic plane. However, in the current state-of-the-art approach to THR surgery, the intraoperative orientation of the anterior pelvic plane cannot be measured. Even less is known about the functional orientation of the pelvis, which determines the postoperative orientation of the cup during the patient's everyday activities. The aim of this article is to present an original approach to personalized THR surgery, in which the necessary measurements are done preoperatively without interfering with the surgical work flow, and the individual orientation of the cup is obtained without navigation using standard tools that are available in the operating room.
Objectives-Correct positioning of the acetabular component is a key factor in minimizing the risk of dislocation after total hip replacement (THR) surgery. A "safe" orientation of the cup is usually defined by 2 angles measured between its geometric axis and the anterior pelvic plane. However, in the current state-of-the-art approach to THR surgery, the intraoperative orientation of the anterior pelvic plane cannot be measured. Even less is known about the functional orientation of the pelvis, which determines the postoperative orientation of the cup during the patient's everyday activities. The aim of this article is to present an original approach to personalized THR surgery, in which the necessary measurements are done preoperatively without interfering with the surgical work flow, and the individual orientation of the cup is obtained without navigation using standard tools that are available in the operating room.
Methods-To quantify the effect of the anatomic conditions on the final orientation of the cup, we measured the orientation of the anterior pelvic plane in 43 patients scheduled for THR using a newly developed noninvasive method based on ultrasonography and mobile devices.
Results-Our results confirm a large variability of the pelvic orientation in both supine and standing positions. We further show how this variability affects the final position of the cup and discuss its consequences for the patient. Finally, we explore a few practical solutions for individualized cup placement, including our own approach, which is based on tilting of the operating table.
Conclusions-In this work, we show that the common guidelines used today for cup implantation can only be effectively applied to a small portion of the population. In most cases, it is crucial that the orientation of the cup is readjusted for the particular anatomy of the individual patient.
Key Words-computer-assisted surgery; extremities; femoroacetabular impingement; hip dislocation; joint range of motion; musculoskeletal; pelvic floor; personalized medicine; smartphone; sports medicine/orthopedics; total hip replacement; ultrasonography I n total hip replacement (THR) surgery, misalignment of the acetabular component is a common cause of complications, and the most frequent of them are dislocations of the implant. [1] [2] [3] [4] According to a study conducted by Ali Khan et al, 3 malposition of the acetabular cup can be found in more than a half of dislocation cases. To improve the accuracy of implantation, the target orientation of the cup is defined relative to pelvic bones. The generally accepted frame of reference is the anterior pelvic plane, which contains 2 anterior superior iliac spines and pubic tubercles ( Figure 1A ). The orientation of the cup is defined with respect to the anterior pelvic plane by 2 angles: inclination and anteversion ( Figure 1 , B and C, respectively). 5 Many researchers investigated the incidence of dislocations to determine such values of the implantation angles that would minimize the risk of these complications. 3, 6, 7 In clinical practice, the most commonly used angles are the ones proposed by Lewinnek et al 6 : 408 6 108 for inclination and 158 6 108 for anteversion.
Since the forces in the hip joint are mostly exerted along the vertical axis, the orientation of the cup should be ultimately defined with respect to the gravity vector. Assuming that the alignment of the cup with respect to the anterior pelvic plane is known, one needs to find the angle between the anterior pelvic plane and the vertical plane, which is called the pelvic tilt. In this work, the standard definition of the pelvic tilt is extended to cover both supine and standing positions. In this broader context, the pelvic tilt is the angle between the anterior pelvic plane and either the vertical or horizontal plane for the standing or supine position, respectively.
The measurements that led to the recommended values of implantation angles were mostly conducted with a forced horizontal orientation of the anterior pelvic plane (08 pelvic tilt). However, the neutral pelvic tilt in a relaxed supine position is observed very rarely, 2, [8] [9] [10] which makes the implantation more difficult because the surgeon needs to take into account the intraoperative orientation of the pelvis. Without the use dedicated measurement tools, assessment of the pelvic tilt is ineffective.
11 If no such tools are available, the anterior pelvic plane is often assumed to be horizontal, and the orientation of the cup is arbitrarily adjusted with a mechanical alignment frame. Since the actual pelvic tilt is ignored, the resulting angle of implantation is not optimal (Figure 1) .
The problem of intraoperative pelvic orientation has been addressed by introducing computer navigation techniques. The main task of the navigation is to provide the surgeon with the relative orientation of the acetabular cup and the anterior pelvic plane so that the cup can always be aligned in accordance with the recommendations. However, since it was shown that the variability of the pelvic tilt in the population is higher than initially believed, the use of navigation techniques has come under some criticism. Studies on the pelvic tilt have reported that the position of the pelvis depends highly on the anatomy of the patient, and it may be different in standing and supine positions for the same individual. [8] [9] [10] 12 This difference causes an additional rotation of the acetabular cup, which is not taken into account in the navigation procedure. 2 Consequently, the functional orientation of the cup may be different than expected, resulting in undesirable restrictions of the implant's range of motion and an increased risk of dislocation.
The limitation of the current navigation systems for THR surgery is that that they characterize the anatomic conditions of the patient only with intraoperative orientation of the anterior pelvic plane. The individualized approach, which was the subject of this study, requires more complete characteristics that go beyond the single parameter. In our opinion, the minimum sufficient representation should include the pelvic tilt angle in both supine and standing positions, in which the former refers to the intraoperative situation, and the latter is typical for the patient's everyday activities. With these angles, adjusting the cup orientation can be considered a 2-step procedure. The aim of the first step is to compensate for the nonhorizontal intraoperative orientation of the anterior pelvic plane by aligning the cup to the actual, instead of the assumed, position of the pelvis on the operating table. In the second step, the orientation of the cup is readjusted to compensate for the nonvertical position of the anterior pelvic plane in the patient's natural standing position.
As for the intraoperative adjustments, the benefits of correction for the pelvic tilt have already been shown by Babisch et al, 2 who were first to notice that the forced horizontal pelvic orientation, assumed in measurements by Lewinnek et al, 6 is not typical of an intraoperative situation. Babisch et al 2 readjusted the angles of cup implantation according to the intraoperative pelvic orientation, which was measured by a navigation system. As a result, they succeeded in placing the cup in the safe range in almost 100% of the cases. Although technically correct, this approach includes some additional steps (eg, fixing optical markers on the patient's pelvis for tracking) that are usually invasive, require using a dedicated set of instruments, and extend the overall duration of the procedure.
Compensating for the pelvic tilt in the standing position is simple as long as it can be assumed that the preoperative and postoperative pelvic orientations are the same. However, as has been shown in the literature, this assumption is not always true. Although some authors did not find differences between the preoperative and postoperative pelvic tilt in the standing position, [13] [14] [15] the outcomes of some other research seem contrary to this observation. For example, Murphy et al 9 found small but statistically significant changes, which were apparently induced by the surgery. Similar results were also obtained in a long-term follow-up study by Taki et al, 16 who observed a significant difference, which could increase over time. In the same work, Taki et al 16 suggested that, for the standing position, the preoperative orientation of the pelvis could be used to estimate the postoperative situation. However, up to now, no such estimation method has been proposed.
The aim of this article is to present an original approach to personalized THR surgery, in which the necessary measurements are done preoperatively, without interfering with the surgical work flow, and the individual orientation of the cup is obtained without navigation, using standard tools that are available in the operating room. The first important contribution of this work is a simple diagnostic method for preoperative examination of pelvic mobility. The method is based on ultrasonography (US), which has already proved to be an effective tool for musculoskeletal imaging. By tracking the location of the US transducer, it is possible to determine the absolute locations of the pelvic landmarks shown in the US image and, consequently, the orientation of the anterior pelvic plane with respect to the gravity vector. 17 The second contribution is a concept of applying the preoperative measurements for intraoperative adjustment of the acetabular cup, without using navigation, by adjusting the tilt of the operating table.
To verify the assumptions that underlie the individualized approach to hip replacement, this work includes experimental data that were obtained preoperatively in supine and standing positions from a group of 43 patients who qualified for THR, with the use of the proposed measurement technique. The results confirm significant variability of the pelvic tilt in the examined group and show no correlation between the orientation of the pelvis in standing and supine positions. This outcome suggests that the universal cup orientation may be impossible to determine, and using patient-specific implantation angles may be the only viable solution for improving the clinical outcomes of THR.
Materials and Methods

Measurement System
For the purpose of this work, the pelvic orientation measurements were conducted with a custom US system based on consumer-grade mobile devices. 17 The architecture of the system and the general measurement principal are shown in Figure 2 . The system includes a tablet, a smartphone, and a laptop computer coupled with a digital US transducer for noninvasive measurements of pelvic landmarks. 18 The devices communicate via a wireless local area network. The position of the transducer is determined by using the calibrated camera of the smartphone and 2 retroreflective transmitters: one fixed to the transducer and the other used as a reference. Using the transducer, the operator visualizes the pelvic landmarks that define the anterior pelvic plane and marks their positions in the US image. These positions, together with the geometry of the US beam and the orientation of the transducer at the moment of acquisition, are used to compute the pelvic tilt angle. 17 By convention, the measured angle is negative for anterior and positive for posterior pelvic rotation.
Participating Group and Examination Procedure
The examined group included 43 patients scheduled for THR surgery within a few weeks from this study. The inclusion criterion was unilateral or bilateral hip osteoarthritis, with a radiologic score of 3 or 4 on the KellgrenLawrence scale. Patients with ankylosing spondylitis were excluded from the study.
The measurements pelvic tilt measurements were conducted in supine and standing positions. In the first part, the patients were lying on a horizontal examination couch with their arms and legs parallel to the long axis of their body. For patients who could not lie flat on their back because of cervical spine conditions, an additional support was placed under their head, such that they would still rest on the back part of their shoulders. The second part of the examination was done in an upright position, with patients standing barefoot, their back against a wall, such that the backbone touched the wall to the extent that was required to prevent their pelvis from moving under the pressure exerted by the US transducer. The patients were also provided with a grab bar to help them maintain the upright posture.
In the same setting, an additional experiment was conducted to examine the potential effect of the head support on the pelvic tilt in the supine position. Twelve pairs of pelvic tilt measurements, with and without the support, were taken in a group of 4 volunteers. The procedure was repeated by 2 different operators.
The examination procedure was approved by the Local Bioethical Committee of the Medical University. All of the examined participants gave their written consent to participate in this study.
Statistical Analysis of the Measurement Data
The statistical analysis of our measurement data included a test for the normality of their distributions, an analysis of correlations of the pelvic tilt with the patients' age and body mass index (BMI), and a statistical test to investigate the equality of the mean pelvic tilt in men and women. First, the normality of the distributions was examined by the Kolmogorov-Smirnov test at a .05 significance level. Although the result of the test did not rule out the normality of the data, high values for skewness and kurtosis indicated that the samples might have been drawn from a non-normal population. Therefore, the Wilcoxon signed rank test with the same significance level was used as to examine the differences between the corresponding measurements in standing and supine positions. The correlation between the 2 pelvic tilt angles and between the pelvic tilt and either the BMI or age of the patients was expressed by the Spearman rank correlation coefficient to also examine the nonlinear dependencies between these parameters.
The effect of the head support on the pelvic rotation was examined with an equivalence test introduced by Tamayo-Sarver et al. 19 In contrast to classic null hypothesis testing, the method yields a conclusive result if 2 compared samples fall within a common tolerance range in terms of the mean value. The tolerance used for the purpose of this test was assumed to be 638, as an estimation of the uncertainty related to identifying the landmark points in the US image by the operator. As a result, if the mean difference between the corresponding measurements with and without head support was less than 38 at a given confidence level, the 2 measurement arrangements could be considered equivalent.
Results Table 1 provides the basic characteristics of the group. The results of the measurements are summarized in Table 2 . The mean pelvic tilt values for standing and supine positions were 22.08 and 1.88, respectively, with corresponding SDs of 18.68 and 17.58. For the standing position, an anterior pelvic tilt was observed in only 2 patients (4.6%), whereas the corresponding number of patients for the supine position was 21 (48.8%). The different proportions between anterior and posterior pelvic tilts for standing and supine positions are shown in the distributions in Figure 3 . Regardless of the position, none of the patients had a pelvic tilt of exactly 08.
The equivalence test revealed that the mean differences between the pelvic tilt measurements with and without the head support did not exceed the assumed tolerance range at a confidence level of 95% (Figure 4 ). This result supports the hypothesis that using the headrest had no significant effect on the pelvic tilt measurements in the supine position.
The mean difference between the pelvic tilt in standing and supine positions was 20.28 with an SD of 24.38, and it was statistically significant. The Wilcoxon signed rank test confirmed that the differences were statistically significant. In 38 patients (88.3%), the orientation of the anterior pelvic plane in the standing position was more posterior than in the supine position. The changes in the pelvic orientation between standing and supine positions for individual patients are shown in Figure 5 . In none of the cases was the pelvic change equal to 08. There was also no correlation between the pelvic tilt and the age or BMI of the patients. Data are presented as mean 6 SD. 
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Discussion
Pelvic tilt angles in both supine and standing positions affect the functional orientation of the cup and consequently the safe range of motion. Figure 6 illustrates how the final orientation of the cup changes depending on different values of these angles, and how each of these angles may increase or reduce the effect of the other. For these 3 examples, it is assumed that no information is available about the intraoperative position of the pelvis, and the cup is aligned by using a traditional technique: ie, based on the experience of the operator, with or without the alignment frame.
In Figure 6A , the pelvic orientation is neutral in the supine position (pelvic tilt of 08), and in the standing position, the pelvic tilt is 308. Since the assumption that was used for developing the implantation guidelines (ie, that the anterior pelvic plane is horizontal) is satisfied, the cup does not need to be adjusted intraoperatively. If the standard approach with the alignment frame were used here, the inclination and anteversion would be the same as the recommended angles. However, because of the pelvic tilt in the standing position, the cup rotates by 308, and the functional orientation of the cup is different than intended. Additionally, the range of flexion is confined by the same angle. Figure 6B shows another scenario, with an additional backward rotation in a supine position. Here, the reason for the inaccuracy of the final cup orientation is 2-fold. First, the intraoperative pelvic tilt is not neutral. With no information about the actual position of the pelvis, the cup is implanted at a wrong angle. The second cause of inaccuracy is the same as in the previous case ( Figure 6A ). These effects sum up, changing the orientation of the cup in the standing position by 608 and limiting the range of flexion accordingly. Finally, when the direction of the pelvic tilt in the standing position is the same as in the supine position, the effects can cancel each other out. In particular, if both angles are equal, as shown in Figure 6C , the functional orientation of the acetabular component may be correct.
The above examples show that unless the pelvic tilt angles in standing and supine positions are equal, the anteversion and inclination of the cup need to be readjusted. The adjustment is dependent on transverse rotation of the pelvis: The pelvic tilt and its effect on the functional orientation of the acetabular cup are concepts that have been investigated by many researchers. Similar to the previous research, the values measured in this work were characterized by high variability between the patients, which was reflected in large standard deviations. Also, in most cases, the pelvic tilt tended to be more posterior while standing than in the supine position. This observation was in agreement with previous reports by Babisch et al, 2 Nishihara et al, 14 Murphy et al, 9 Lembeck et al, 10 Suzuki et al, 20 Watanabe et al, 21 and Eddine et al. 22 By contrast, Anda et al 23 and Mayr et al 8 found no statistically significant differences between the pelvic tilt in standing and supine positions.
In previous works, some attention was also given to the correlation of the pelvic tilt with the age and sex of the patients. Mayr et al 8 showed that anterior inclination of the pelvis increases in with the patient's age. They also found a positive correlation between age and the pelvic change. Eddine et al 22 reported a significantly greater anterior pelvic tilt in women, but their measurements were done only on healthy individuals. In contrast, in their study of pelvic changes, Babisch et al 2 found no significant differences between men and women.
Some of the researchers mentioned above made an attempt to establish a relationship between the preoperative pelvic tilt in standing and supine positions. Babisch et al 2 and Murphy et al 9 found significant correlations in this regard. In contrast, the results presented by other authors, similar to these obtained here, did not confirm this relationship. The inconsistency of these conclusions suggests that no assumptions can be made about the pelvic tilt difference. Consequently, pelvic tilt measurements in standing and supine positions as standard preoperative procedures remain the only valid premise for patient-specific adjustment of implantation angles. The following sections will discuss some examples of putting this information into clinical practice.
As mentioned in the introduction, the intraoperative orientation of the pelvis can be taken into account by changing the cup implantation angles with respect to the anterior pelvic plane. Alternatively, one may adjust the tilt of the operating table itself, such that the anterior pelvic plane is horizontal during the cup implantation ( Figure 7 ). An advantage of this approach is that the traditional frame of reference for THR surgery is preserved, regardless of the individual anatomy of the patient. The cup can be aligned according to the intuition and experience of the surgeon, using standard instruments available in the operating room, including alignment frames. The target inclination angle of the table can be determined in a preoperative measurement outside the operating room. The time required for the surgical procedure is therefore only slightly extended. With no requirements for the measurement technique that would have to be met for a sterile environment, a simple noninvasive tool, such as navigated US, is well suited for this task.
Introducing preoperative measurements by inclination of the operating table has certain limitations. First, it can be used only in a limited angular range and only for supine approaches. Second, it assumes that the tilt of the operating table has a repeatable effect on the rotation of the pelvis, so that the target pelvic orientation can be recreated on the basis of preoperative measurements. Additionally, it is necessary to assume that the pelvic tilt does not change substantially during the operation. As for the last assumption, DiGioia et al 11 reported significant variability of the pelvic orientation during THR surgery with patients in the lateral decubitus position by comparing the initial orientation (ie, before dislocation of the joint) and the position immediately before implantation. These changes were observed despite the use of a suction bag and stabilization blocks for immobilization of the patient. However, no similar reports of supine approaches could be found in the literature. Moreover, the variability of the pelvic orientation can be minimized by using an appropriate surgical technique: for example, by cutting off the femoral head before dislocation of the joint.
The possible presence of changes in the standing pelvic tilt can be explained by considering the pelvis as a part of the axial skeleton. The pelvis is under the constant influence of adjacent structures: ie, the lumbar spine from above and the femur bones from below. The alignment of the pelvis is dependent on the mobility of the joints between these structures. Hip osteoarthritis is often associated with flexion contractures, which may increase the anterior pelvic tilt in a standing position. As an effect of THR surgery, the contractures are loosened up, which can potentially change the tilt compared to the preoperative situation.
The ultimate purpose of measuring the pelvic orientation in a standing position is to prevent potential restrictions on the range of motion caused by the geometry of the implant. An example was given in the work of Nishihara et al. 14 Depending on differences in the pelvic tilt between supine, standing, and sitting positions, the authors determined which type of femoroacetabular impingement was likely to occur for a given patient. For patients with excessive posterior pelvic rotation during a supine-to-standing transition, they proposed decreasing the cup anteversion by 108 with respect to the guidelines to prevent the impingement in extension. For patients with insufficient posterior rotation during a supine-to-sitting transition, they suggested increasing the cup anteversion by 108 to prevent the impingement in flexion. Another example of taking into account the functional orientation of the pelvis was given by Suzuki et al. 20 In a long-term study of patients who had undergone THA, they identified a set of anatomic conditions predisposing to progressive posterior changes of the pelvic tilt after the surgery. In patients who were susceptible to such changes, they proposed some measures to be taken intraoperatively to compensate for the future functional position of the pelvis. In particular, they suggested that the reference plane should be set more posteriorly than the actual position of the anterior pelvic plane on the operating table, and the cup anteversion should be additionally reduced by several degrees.
Each of the above solutions is a simplified form of patient-specific treatment. Depending on the result of the initial pelvic tilt examination, patients are assigned to one of a few risk groups (eg, increased risk of anterior or posterior impingement) based on which an appropriate treatment is prescribed. The next step toward individualized THR surgery would be to find the exact values of cup implantation angles suitable for a particular patient. This process involves both measuring the preoperative pelvic tilt and predicting postoperative tilt changes. Therefore, the new, easily available measurement techniques, such as navigated US, are of key importance for the development of personalized THR.
In THR surgery, the guidelines for the acetabular cup implantation assume a horizontal orientation of anterior pelvic plane. If this assumption does not hold for an intraoperative setting, the cup may be introduced at a wrong angle. The larger the actual pelvic tilt with respect to the horizontal plane, the larger the deviation from the optimal angle. Similarly, the functional orientation of the cup while standing remains unknown as long as the standing pelvic tilt is not measured. As a result, if the surgery is done according to the guidelines, the final orientation of the cup may be different than intended, which may increase the risk of dislocation.
Our measurements on a group of 43 patients together with the evidence reported by other authors show that common assumptions about the pelvic orientation, namely, that the anterior pelvic plane is horizontal in a supine position and vertical in a standing position, are almost never met. Additionally, the pelvic tilt angles in standing and supine positions are uncorrelated. Therefore, the only way to achieve an intended cup orientation is to use preoperative measurements of the individual anatomy of the patients. These measurements can be applied to readjust the implantation angles either directly 2, 10 or, as proposed in this work, by changing the tilt of the operating table.
It should be noted, that the concepts presented in this article have 2 limitations. First, the usability of the proposed method is confined to surgery in the supine position, since it is impossible to adjust the transverse rotation of the pelvis by controlling the tilt of the table with the patient in the lateral position. Second, at the current stage of the research, the proposed solution does not take into account the postoperative change in the pelvic tilt in the standing position: ie, it uses a simplified model, in which the orientation of the pelvis remains unchanged after the surgery. However, the patients examined in this study will be measured 1 year after the surgery. Once the postoperative results are available, the possibility of extending the current model will be investigated.
As shown, many limitations of the traditional approach to positioning of the acetabular cup have been recognized already. Some problems need further research to be solved. An open question is, for example, how to secure a sufficiently large range of motion of the implant regardless of the anatomy of a patient in all functionally important positions. This task poses a particular problem for patients with substantial pelvic mobility. However, probably the biggest challenge is to propose practical, clinically viable methods and tools that would facilitate the transition from common guidelines to patient-specific treatment in THR surgery.
